We previously reported that the serine protease plasmin plays a role in follicle rupture during ovulation in the teleost medaka. In this study, we showed that urokinase-type plasminogen activator 1 (Plau1) is a physiological activator of plasminogen. Morphological analyses revealed that in the preovulatory follicle, plau1 mRNA was detected in association with follicle cells, while Plau1 protein was localized in the oocyte egg membrane. Both an inactive precursor and an active form of Plau1 were present at constant levels in the membrane fraction via the latter half of the 24-h spawning cycle. Plasminogen activator inhibitor-1 (Pai1) was detected in the follicle layer of the preovulatory follicle, but the protein level was low at approximately 7 h prior to ovulation. We showed that plasmin hydrolyzed laminin, which is a major component of the basement membrane and is situated between the granulosa and theca cells of the follicle. In vitro ovulation of large follicles was significantly inhibited by anti-Plau1 antibodies and active recombinant Pai1. Levels of Pai1 expression were increased in vivo at approximately 7 h prior to ovulation. Expression of Pai1 was also induced in vitro in the follicle with recombinant medaka luteinizing hormone (Lh). Lh-induced expression of pail mRNA was significantly suppressed by the presence of MDL (an adenylyl cyclase inhibitor), trilostane (a 3beta-hydroxysteroid dehydrogenase inhibitor), and RU486 (a nuclear progestin receptor antagonist). These results support our recent proposal of a sequential two-step ECM protein hydrolysis model for follicle rupture for medaka ovulation. medaka, nonmammalian vertebrate, ovulation, PAI-1, plasmin, uPA
INTRODUCTION
The preovulatory surge of gonadotropins induces a series of changes in the follicles, culminating in the release of a mature oocyte. Ovulation denotes a discharge of a fertilizable oocyte from the ovarian follicle into the ovarian cavity or into the abdominal cavity, depending on the species [1, 2] . Follicle rupture during ovulation is a well-regulated proteolytic process that occurs in a restricted area, namely, the apical region, of ovulating follicles. Target molecules for the proteolytic enzymes in the rupture are extracellular matrix components, such as collagens, laminin, and proteoglycans, which are present in the follicle cell layers. It is generally thought that matrix metalloproteinases (MMPs) play a role in the degradation of the follicle cell layers to shed the oocyte [1, 3] . Tissue inhibitors of matrix metalloproteinases (TIMPs) are other important factors that control this process and prevent potentially wayward MMPs from degrading tissues elsewhere in the ovary.
Active plasmin, which is converted from its inactive precursor plasminogen either by urokinase-type plasminogen activator (uPA) or by tissue-type plasminogen activator (tPA), is a serine proteinase capable of cleaving a wide variety of proteins at a very limited number of Arg-X and Lys-X bonds [4] . The protease is a key enzyme in blood clot lysis, and its major physiological substrates are fibrinogen and fibrin. In addition, the substrates of the protease could be ECM proteins, such as proteoglycans, fibronectin, laminin, and type IV collagen. Plasmin is also known to be indirectly responsible for the lysis of matrix proteins via the activation of MMP proenzymes, such as prostromelysin and procollagenase [4] . Thus, an implication of the plasminogen activator (PA)/ plasmin proteolytic system in follicle rupture during ovulation in mammals has been the subject of intensive studies for the past several decades [1, [5] [6] [7] [8] [9] . However, no defects in female reproductive activity have been observed via the examination of mice deficient in uPA, tPA, or plasminogen [10] [11] [12] . These observations argue against the idea that plasmin plays an essential role in rupture during mammalian ovulation [1] .
A biologically intriguing problem concerning ovulation has been to understand to what extent the follicle rupture mechanism is conserved among vertebrate species. To address this issue, the teleost medaka Oryzias latipes serves as a good nonmammalian model for studying ovulation [13, 14] . Indeed, using fish, we identified MMP-2 (also known as gelatinase A, official symbol Mmp2 for protein and mmp2 for gene in medaka) and membrane-type matrix proteinases 1 (MT1-MMP, official symbol Mmp14 for protein and mmp14 for gene in medaka) and 2 (MT2-MMP, official symbol Mmp15 for protein and mmp15 for gene in medaka) as the hydrolytic enzymes responsible for follicle rupture in medaka [13] . We also showed that the activity of Mmp2 is controlled by the tissue inhibitor of matrix metalloproteinase-2b (TIMP-2b, official symbol Timp2b for protein and timp2b for gene in medaka). More recently, the involvement of plasmin in rupture has been demonstrated [14] . Interestingly, plasmin participates in rupture only for several hours prior to the activation of Mmp-mediated ECM degradation at ovulation. This finding strongly suggests the presence of a mechanism by which the activity of plasmin would be well regulated in the follicle.
The present investigation aimed to understand how plasmin activity is controlled. Thus, we examined which PA plays a role in the activation of plasminogen, uPA (official symbol Plau for protein and plau for gene in medaka) or tPA (official symbol Plat for protein and plat for gene in medaka), or both. We also aimed to identify a potential physiological substrate of plasmin in the preovulatory follicles to delineate the role of the protease in follicle rupture during ovulation. Furthermore, the role of plasminogen activator inhibitor-1 (PAI-1, official symbol Pai1 for protein and pai1 for gene in medaka) in the rupture was examined. These results are presented in this report.
MATERIALS AND METHODS

Medaka
Mature medaka (O. latipes) adults were kept at 268C under artificial reproductive conditions of a 14L:10 D period [15] . After becoming acclimated to the conditions, female fish ovulated in vivo each day at the start of the light period. In this study, the start of the light period was set to 0 h, which corresponded to the expected time of ovulation. The experimental procedures used in this study were approved by the Committee of the Center for Experimental Plants and Animals, Hokkaido University.
In Vitro Ovulation
Large preovulatory follicles (approximately 1.0 mm in size, stages IX-X [16] ) were isolated at three time points: follicles, which had not yet undergone luteinizing hormone (Lh) surge in vivo, were isolated at 22 h before ovulation, and the follicles that had undergone Lh surge in vivo were isolated at 12 or 3 h before ovulation. They were placed in a dish containing 50 lM gentamicin (Wako) in 90% medium 199 solution (pH 7.4). The follicles isolated at 22 h before ovulation were incubated in the presence of recombinant medaka Lh (rLh; 100 lg/ml), while follicles isolated at 12 or 3 h before ovulation were without gonadotropin. In some experiments, the incubation medium contained MDL (adenylyl cyclase inhibitor; 50 lM; Sigma-Aldrich), trilostane (TLS; 3b-hydroxysteroid dehydrogenase inhibitor; 25 lM; Sigma-Aldrich), 17a,20b-dihydroxy-4-pregnen-3-one (DHP; 10 lM; Sigma-Aldrich), RU486 (also known as mifepristone; 100 lM; Sigma-Aldrich), purified anti-medaka Plau1 antibody (200 lg/ml), preimmune rabbit IgG fraction (200 lg/ml), recombinant Pai1 (200 lg/ml), or plasmin inhibitor (20 lM; Calbiochem/Merk KGaK, Darmstadt, Germany). After incubating at 268C for the duration indicated in the text, the follicles were subjected to various analyses. Medaka rLh was prepared as previously described [15] , except that the conditioned medium of CHO k-1 cells stably expressing rLh was concentrated and directly used for experiments without further purification.
Cloning
The cDNA clones for plat (Plat), plau1 (Plau1), pai1 (Pai1), laminin gamma 1 (Lamc1), and fibronectin 1 (Fn1) were obtained as follows. A computer search to identify medaka genes was performed using the Ensembl genome database [17] . To amplify the cDNA fragments of the respective genes, RT-PCR was performed using KOD fx polymerase (Toyobo). The amplified products were 100-1842 (for Plat, ENSORLG00000002355), 164-1504 (for Plau1, ENSORLG00000014015), 1-1197 (for Pai1, ENSORLG00000010473), 529-5159 (for Lamc1, ENSORLT00000009304), and 1-7872 (for Fn1, ENSORLG00000020577). To obtain full-length cDNA sequences of the respective genes, 5
0 -RACE and 3 0 -RACE were performed using a 5 0 RACE System for Rapid Amplification of cDNA Ends, Version 2.0 (Invitrogen) and 3 0 -Full RACE Core Set (Takara), respectively, according to the manufacturer's instruction. The sequences determined in this study were deposited in the DDBJ database: AB178522 (Plat), AB573883 (Plau1), AB571478 (Pai1), AB571844 (Lamc1), and AB572924 (Fn1).
Northern Blot Analysis
Northern blot analysis was performed as previously described [13] . The probes used are listed in Table 1 .
Preparation of Antibodies
Recombinant proteins (antigens) were produced in the Escherichia coli expression system using a pET30 expression vector and purified by affinity chromatography on a Ni þ -Sepharose column, as previously described [18] . The cDNA sequences inserted into the vector, expected sequences of the products, and restriction sites used are indicated in Table 2 . The primers used are listed in Table 3 . The purities of the samples eluted from the affinity column were analyzed by SDS-PAGE, followed by Coomassie Brilliant Blue (CBB) staining. Polyclonal antibodies were produced by immunizing mice (for Pai1 and Plau1), rats (for Lamc1), or rabbits (for Plau1 and Fn1) with the respective recombinant proteins. For primary immunization, 80 lg (for mice) or 200 lg (for rats and rabbits) of the proteins were used. For boosting, 40 lg (for mice), 100 lg (for rats), or 200 lg (for rabbits) of the proteins were injected. Boosting injections were conducted two to four times. Specific antibodies were purified using membranes onto which pure antigens were blotted and used for Western blot and immunohistochemistry [13] . For inhibition of in vitro follicle ovulation, antibodies were purified by affinity chromatography using Sepharose 4B gels, to which purified antigens were covalently attached [13] . Anti-medaka Plau1 antibodies produced in rabbits and mice were used for Western blot analysis and immunohistochemistry, respectively. As a negative control, either the primary antibody was preincubated with antigen (20 lg) for 16 h at 48C or the normal IgG fraction was used. Anti-medaka collagen type IV a-chain (Col4a) [19] , anti-medaka plasminogen [14] , and anti-medaka cytoplasmic actin (Actb) [14] were prepared as previously described.
Western Blot Analysis
The isolation of follicle layers and oocyte egg membrane fractions was performed as previously described [14] . Tissues were homogenized in PBS containing 5 mM EDTA and 13 protease inhibitor cocktail set I (Wako) and centrifuged at 13 000 3 g for 10 min to obtain supernatant fractions. The precipitates obtained were boiled in 1% SDS and centrifuged at 13 000 3 g for 10 min, and the resulting supernatant was used. Western blot analysis was performed as previously described [14] , except that antibody reactions were performed using IMMUNO SHOT Reagent 1&2 (Toyobo). Antisera or purified specific antibodies were used as primary antibodies.
Preparation of Active Recombinant Medaka Plasminogen Plau1 and Pai1
Full-length medaka plasminogen cDNA was obtained as previously described [14] . The coding region of the precursor proteinase was ligated into a pCMV tag4 vector (Stratagene). Chinese hamster ovary (CHO) K-1 cells were cultured at 378C in F-12 medium (Wako) supplemented with 5% FBS, 13 penicillin-streptomycin-amphotericin B suspension (Wako), and 2 mM Lglutamine solution (Wako). The vector was transfected into the cells using Lipofectamine 2000 (GE Healthcare Biosciences) and Opti-MEM I ReducedSerum medium (Invitrogen) according to the manufacturers' instruction. After a OGIWARA ET AL.
48-h culture, the conditioned medium was collected, concentrated, and subjected to column chromatography using a Lys-Sepharose 4B gel [14] .
The resulting pure plasminogen sample was used for further experiments. Recombinant Plau1 containing an enteropeptidase-cleavage site at the putative activation site, and a FLAG-tag at the COOH terminus was expressed using 293T cells. Specifically, two PCR products were first amplified using cDNA fragments containing the entire coding sequence of medaka Plau1. The primer sets used were uPA-1 pCMV SS and uPA-1þEP AS and uPA-1 pCMV AS and uPA-1þEP SS (Table 3 ). The subsequent PCR was performed using a mixture of these amplified DNAs with uPA-1 pCMV SS and uPA-1 pCMV AS primers as previously described. The resulting complete DNA sequence, which contained an EcoRI site and an XhoI site in its 5 0 and 3 0 regions, respectively, was digested with EcoRI and XhoI and ligated into the pCMV tag4 mammalian expression vector (Stratagene). The resulting vector was transfected into 293T cells using Lipofectamine 2000 and cultured in Opti-MEM I medium. The conditioned medium was collected at 48 h after transfection and concentrated 20 times. The recombinant Plau1 exhibited 5 extra amino acid residues of an enteropeptidase-cleavage site (Asp-Asp-Asp-Asp-Lys) between 158 
Lys and 159
Ile, which is a presumed activation site, as well as a FLAG tag sequence at the COOH terminus. SDS-PAGE analysis of the concentrated sample showed a large number of unknown protein bands, while, as will be described in the Results section, Western blot analysis of the sample using anti-medaka Plau1 antibody detected a single band of 55 kDa, which corresponds to the recombinant medaka pro-Plau1. The concentrated sample was mixed with ANTI-FLAG M2 Agarose Affinity Gel (Sigma-Aldrich) and incubated for 16 h at 48C. After three washes with enteropeptidase reaction buffer (20 mM TrisHCl [pH 7.4], 50 mM NaCl, and 2 mM CaCl 2 ), medaka recombinant enteropeptidase (0.5 lg/ml) was added to the sample [18] . After incubating at room temperature for 16 h, the mixture was centrifuged at 900 rpm for 5 min to obtain the precipitates. The precipitates containing proteolytically activated two-chain Plau1 in an agarose gel-bound state were suspended in 200 ll of 50 mM Tris-HCl (pH 8.0).
For preparation of active recombinant Pai1, a medaka pai1 cDNA coding 391-residue protein (residue no. 1-391) was obtained by RT-PCR using primers that allowed for the insertion of EcoRI and XhoI sites in its 5 0 and 3 0 regions, respectively. Ligation into the pCMV tag4 vector (Stratagene) and transfection into 293T cells were performed as previously described. Following 48 h of incubation, the culture medium was collected and concentrated 20 times. After the buffer was exchanged to 50 mM Tris-HCl (pH 8.0), Pai1 was partially purified by chromatography using a Resource Q column (GE Healthcare), and active fractions were pooled and dialyzed against 50 mM Tris-HCl (pH 8.0). The partially purified sample exhibited many protein bands in SDS-PAGE analysis, indicating that the purity of the recombinant medaka Pai1 preparation was very low. As will be described in the Results section, Western blot analysis of the sample gave a single band of 40 kDa when antimedaka Pai1 antibody was used.
Assays of Plau1 and Pai1 Activity Using Plasminogen
Medaka recombinant plasminogen, Plau1 and Pai1 were prepared as previously described. Purified medaka recombinant plasminogen (100 ng) was mixed with agarose gel-coupled active Plau1 (5-ll suspension) in 100 ll 50 mM Tris-HCl (pH 8.0), and the mixture was incubated at 378C. Aliquots of the mixture were obtained at the indicated time points and filtered, and the resulting filtrates were used for subsequent Western blot and plasmin activity assays. In experiments examining the inhibitory effect of Pai1 on Plau1 activity, agarose gel-coupled Plau1 (5 ll suspension) was preincubated with Pai1 (50 ll) in 100 ll 50 mM Tris-HCl (pH 8.0) at 378C. After a 1-h incubation, purified medaka recombinant plasminogen (100 ng) was added into the mixture and incubated at 378C for 1 h. The mixture was then filtered and subjected to Western blot and plasmin activity assays.
Enzyme Activity Assay
Enzyme activity was determined using ter-butyloxycarbonyl (Boc)-ValLeu-Lys-4-methylcoumaryl-7-amide (MCA; Peptide Institute) for plasmin or Lpyroglutamyl (Pyr)-Gly-Agr-MCA (Peptide Institute) for Plau1 as previously described [14] .
Detection of ECM Proteins in the Preovulatory Follicle
Preovulatory follicles obtained from spawning medaka ovaries were used to isolate the follicle layer fractions. Extracts of the layers were subjected to SDS-PAGE/Western blot analysis using antibodies for medaka laminin gamma 1, fibronectin 1, Col4a, and Actb. Some preovulatory follicles were isolated from spawning fish ovaries at 12 h before ovulation, incubated with or without 20 lM plasmin inhibitor for 15 h, and then analyzed as previously described [14] .
Real-Time RT-PCR
Real-time RT-PCR was performed using an Applied Biosystems 7300 Real-Time PCR System (Life Technologies Inc.) as previously described [20] . Sequences of the real-time PCR primers used for the medaka plau1, pai1, and actb genes are listed in Table 3 . PCR reactions were performed in triplicate with three separate RNA preparations obtained from independent samples. The mRNA levels of the target genes were normalized to the actb gene.
In Situ Hybridization
In situ hybridization was performed using medaka ovary frozen sections as previously described [13] . The regions of the probes used are listed in Table 1 . Real-time PCR uPA-1 real-t SS plau1
Paraffin-embedded ovaries isolated at 9 h before ovulation were sectioned (5 lm) and deparaffinized in xylene (Wako), followed by rehydration through a series of alcohol treatments. The sections were incubated in 3% H 2 O 2 for 10 min and washed three times in PBS. After washing, the sections were incubated in Block Ace (Dainippon Sumitomo Seiyaku Inc.) for 60 min, reacted with purified primary antibody diluted in PBS for 60 min, and washed three times in PBS. After washing, the sections were incubated in DAKO envision rabbit (for plasminogen; DAKO), anti-rat IgG antibody (for Pai1; GE Healthcare) diluted in PBS, or DAKO envision mouse (for Plau1; DAKO) for 60 min and washed three times in PBS. Signals were detected using an AEC kit (Vector Laboratories) according to the manufacturer's instructions.
For laminin, frozen sections (12 lm) were used. The sections were fixed with 4% paraformaldehyde for 15 min at room temperature and washed three times in PBS. They were incubated with 3% H 2 O 2 for 10 min, washed three times in PBS, and incubated in Block Ace for 60 min. The sections were then reacted with purified primary antibody diluted in Can Get Signal immunostain Solution A (Toyobo) for 60 min and washed three times in PBS. The sections were incubated in anti-rabbit IgG antibody (GE Healthcare) diluted in Can Get Signal immunostain Solution B (Toyobo) for 60 min and washed three times in PBS. Signals were detected using an AEC kit. Immunohistochemistry for medaka collagen type IV was performed as described [19] .
Phylogenetic Analysis
Phylogenetic analysis was performed as previously described [21] . The NCBI gene IDs of the sequences used are as follows: AB573883, NM_008873, NP_990774, XM_693024, and XM_001346681.
Statistical Analysis
All values are expressed as the mean 6 SEM. Statistical significance was determined using Student t-test or one-way ANOVA, as appropriate. Post hoc testing was performed with Tukey t-test using Excel software. Significance was established at P , 0.05.
RESULTS
Expression of PA Transcripts in the Medaka Ovary
We searched for the plat and plau genes using the draft medaka genome sequence database [17] and found fish with one plat gene and two plau genes, namely, plau1 and plau2. The expression of these PA genes in medaka tissues was examined using Northern blot analysis (Fig. 1A) . The expression patterns of the genes differed in each tissue. Transcripts of plat were abundantly expressed in the spleen. Other tissues also expressed plat mRNA, but their expression levels were much lower compared with that of the spleen. Little or no plat mRNA expression was found in the liver and ovary. Strong signals for plau1 mRNA expression were detected in the fish ovary, while the expression of plau2 was found exclusively in the intestine.
We next examined the levels of plau1 mRNA expression using the entire ovary and the preovulatory follicle isolated from fish with an established 24-h spawning cycle. The levels of plau1 expression were significantly higher at the intermediate time period between ovulations compared to the expression at the expected ovulation time in the ovary; transcripts of plau1 were detected in abundance between 15 and 11 h before ovulation (Fig. 1B) . However, in large preovulatory follicles, plau1 mRNA was expressed at a fairly constant level (Fig. 1C) . In situ hybridization analysis revealed that plau1 mRNA was expressed in the oocyte cytoplasm of small and medium-size follicles (Fig. 1D , upper left, large blue arrows). In large preovulatory follicles, transcripts were detected in association with the follicle layer (Fig. 1D , upper right and left, blue arrowheads). In addition, plau1 mRNA was detected in follicle cells of the postovulatory follicle that had just ovulated (Fig. 1D , upper left, small black arrows). In the enlarged view of the postovulatory follicle, plau1 mRNA was found to be localized to the area consisting of cells that had been granulosa cells (Fig. 1D , upper right, yellow stars) but not theca cells (Fig. 1D , upper right, red stars) at the preovulatory stage. Analyses using a sense probe for plau1 as a control resulted in no signal, indicating specific staining of plau1 transcripts using the antisense probe. These results indicated that the plau1 gene is exclusively expressed in the medaka ovary and that, in the preovulatory follicle, the follicle cells are responsible for the expression of plau1 mRNA.
cDNA Cloning and Structure of Medaka Plau1
A cDNA coding for medaka Plau1 was isolated from the complete RNA of a spawning fish ovary. The clone (2634 bp, AB573883) coded for a protein with a 453-residue amino acid sequence, including a 22-residue signal peptide. Similar to PLAUs/Plaus from other vertebrate species [22] [23] [24] [25] , medaka Plau1 consists of an epidermal growth factor-like domain, kringle domain, linker, and catalytic domain. The highest sequence homology was observed among these domains when compared with those of other species, although the identity was approximately 50% ( Fig. 2A) . A phylogenic analysis of PLAUs/Plaus using complete amino acid sequences from representative vertebrate animals was performed (Fig. 2B) . The results indicated that medaka Plau1 and zebrafish uPA-b formed a clade.
Expression of Plau1 in the Medaka Ovary
The COOH-terminal half (130 amino acid residues) of the medaka Plau1 serine protease domain was expressed in the E. coli expression system, purified, and used to raise polyclonal antibodies by immunizing both rabbits and mice; the antibody raised in rabbits could be used only for Western blot analysis, while that raised in mice was suitable for both Western blot and immunohistochemical use. We first characterized these antibodies using the recombinant Plau1 COOH-terminal serine protease domain (antigen) as well as fish ovary extracts by SDS-PAGE and SDS-PAGE/Western blot. The purified antigen, which was synthesized as a fusion protein containing a 7-kD tag sequence, was detected by CBB staining as a single band corresponding to the position of 21 kDa, indicating that the antigen used for immunization of animals was pure. For Western blot analysis, antibodies that reacted with the 21-kDa polypeptide were further selected using PVDF membranes. The recombinant 21-kDa polypeptide antigen was subjected to SDS-PAGE followed by transfer onto membranes. The piece of the membrane containing the separated polypeptides was cut and incubated with Plau1 antibodies. Antibodies that crossreacted with the 21-kDa polypeptide antigen on the membranes were detached and used for subsequent Western blot. As expected, the 21-kDa band was detected (Fig. 3A, left panel) . The antigen band disappeared if antibodies previously treated with the antigen were used. Western blot of the ovary extracts using both antibodies visualized a clear 65-kDa protein band (Fig. 3A, right panel) . Pretreatment of the antibodies with the purified antigen failed to detect the 65-kDa band. Because the size of the 65-kDa band was unexpectedly larger than that calculated from the number of amino acid residues (431 residues) of medaka Plau1 precursor (proPlau1), we further examined the specificity of rabbit anti-medaka Plau1 antibody using a recombinant Plau1 generated by HEK293T cells. The recombinant Plau1, which was synthesized as a 446-residue fusion protein containing an enteropeptidase-cleavage site at the putative activation site and a FLAG-tag at the COOH OGIWARA ET AL.
terminus, was analyzed by Western blot using the membranepurified Plau1 antibodies (Fig. 3B) . A 55-kDa band was detected by the antibody, while a 30-kDa band became detectable after the enteropeptidase treatment. The same result was obtained when mouse anti-medaka Plau1 antibody was used (data not shown). These results indicate that the recombinant pro-Plau1 synthesized in the HEK293T cells was a single-chain protein (Mr 55 kDa) and that the precursor was proteolytically converted by the enteropeptidase treatment to a two-chain form of protein. The 30-kDa band recognized by the antibody was presumed to be the protease domain of twochain active Plau1. Overall, the above results indicate that our current Plau1 antibodies specifically recognized medaka proPlau1/Plau1. We assumed that both the 65-kDa polypeptide in the follicle extract and the 55-kDa polypeptide generated by HEK293T cells were the precursor form (proPlau1) of medaka Plau1, although the follicle extract polypeptide was approximately 10 kDa larger in size than the polypeptide generated by HEK293T cells. This discrepancy in apparent Mr of pro-Plau1 expressed in medaka ovarian follicles (in vivo) and in FIG. 1. Expression of plau1 mRNA in the medaka ovary. A) Northern blot analysis of plau1, plau2, and plat mRNA was performed for various medaka tissues. A Nytran-plus membrane loaded with 60 lg each of the complete RNA isolated from various tissues of sexually mature medaka at 5 h after ovulation was used. The lengths (kb) of transcripts are shown on the right. The expression of cytoplasmic actin (actb) mRNA was examined as a control. A representative result of three independent experiments is shown. B) Levels of plau1 expression were examined using real-time RT-PCR analysis with ovaries isolated from the fish during the 24-h spawning cycle. The complete RNA was extracted from ovaries at the indicated time. The expression of cytoplasmic actin (actb) mRNA was examined as a control. Relative plau1 mRNA expression levels were determined by setting the expression level 23 h prior to ovulation to an arbitrary value of 1. Values represent the mean 6 SEM of five determinations. C) The levels of plau1 mRNA expression were examined by real-time RT-PCR using large follicles isolated from spawning fish ovaries during the 24-h spawning cycle. The complete RNA was extracted from large follicles isolated at the time indicated. Relative plau1 mRNA expression levels were determined as in B, and the values represent the mean 6 SEM of five determinations. D) In situ hybridization analysis was performed using frozen sections prepared from the ovary at 19 h before the expected time of ovulation. Staining with the antisense probe (upper two panels) or sense probe (lower panel) for plau1 is shown. The area indicated by a red box in the upper left panel is shown at higher magnification in the upper right panel. The blue arrow indicates the oocyte of a small follicle, blue arrowheads indicate the follicle layer of large follicles, and black arrows indicate the postovulatory follicle that had just released its oocyte. In the postovulatory follicle, two types of somatic cells are present: the cells that had been granulosa cells (indicated by yellow stars) and those that had been theca cells (indicated by red stars) in the preovulatory follicle. Note that the cells derived from granulosa cells are positively stained. Bars ¼ 200 lm in the left two panels and 50 lm in the right panel. A representative result of three independent experiments is shown.
uPA/PAI-1 IN MEDAKA OVULATION HEK293T cells (in vitro) will be discussed in the Discussion section.
We next analyzed Plau1 protein levels in the preovulatory follicles from 24-h spawning fish ovaries every 4 h (Fig. 3C,  left panel) . The 65-kDa pro-Plau1 was invariably detected in the extracts of the follicles. To further determine the localization of the Plau1 protein in the preovulatory follicle, the follicle layer and egg membrane fractions were obtained from isolated follicles at 11, 9, 7, 5, and 3 h before ovulation. The egg membrane fractions but not the follicle layer fractions of the follicles contained not only the 65-kDa pro-Plau1 but also two additional bands (28 and 30 kDa; Fig. 3C , middle and right panels). As the antibody was raised for the COOHterminal serine protease domain as described above, these two bands detected at 28-30 kDa perhaps represent two forms of the protease domains of proteolytically activated, two-chain medaka Plau1.
Further, tissue extracts of the entire follicle, the follicle layer, and egg membrane fractions were prepared from large follicles collected at 7 h before ovulation and assayed for enzyme activity toward L-Pyr-Gly-Agr-MCA, a synthetic peptide MCA substrate for plasminogen activators Plat and Plau. The substrate was hydrolyzed by the extracts of the entire follicle and the egg membrane fraction. Follicle layer extracts had little or no enzyme activity for the substrate (data not shown). The results strongly suggest that the Plau1 associated with the egg membrane was enzymatically active.
Immunohistochemical analyses of Plau1 were performed using mouse anti-medaka Plau1 antibody, which recognized pro-Plau1 as well as the active Plau1 forms. The analysis revealed positive signals associated with the egg membranes of follicles with a size of 800-1200 lm in diameter, including those destined to ovulate within 24 h (Fig. 3D) . Follicle layers of all sizes of growing follicles also appear to be positive for No specific signals were detected in the follicle layer of any follicle size. These results indicate that medaka pro-Plau1/Plau1 was present in relatively large quantities in the egg membranebound state, at least in the large preovulatory follicle.
Expression of Pai1 in the Medaka Ovary
As we previously reported [14] , the generation of active plasmin in large preovulatory follicles that are destined to ovulate was restricted to the period between 7 and 3 h before ovulation, whereas two-chain active Plau1 was present in the egg membrane of the follicles throughout the latter half of the 24-h spawning period (Fig. 3C, right panel) . This finding suggests the presence of an additional regulatory factor(s) involved in the process of Plau1-catalyzed plasminogen activation. Thus, the role of PAIs in this process was investigated. We searched for the pai gene using the medaka genome sequence database [17] and found that medaka contains two pai genes, pai1 and pai2. Northern blot analysis showed that transcripts of pai1 were expressed in the ovary, spleen, and heart of medaka (Fig. 4A) . No or little expression of pai2 mRNA was observed in the ovary (data not shown). Therefore, we confined our further studies to the roles of pai1/ Pai1 in follicle rupture during ovulation in medaka.
To further obtain information on the expression and molecular properties of medaka Pai1, cDNA cloning was performed. The deduced amino acid sequence of medaka Pai1 (AB571478) corresponded to that available from the Ensembl database. The sequence homologies of the medaka Pai1 with other vertebrate counterparts were as follows: 60% identity for zebrafish Pai1 (database no. JQ801452), 30% identity for zebrafish Pai2 (database no. BC162929), 42% identity for Xenopus Pai1 (database no. NP_001090520), and 44% identity for human PAI1 (database no. NP_000593).
Changes in pai1 mRNA levels were determined by real-time RT-PCR using follicles collected from spawning medaka ovaries during the last 48 h before ovulation. Transcripts of pai1 were detected in the follicle (between À47 and À31 h: the   FIG. 3 . Plau1 expression in the medaka ovary. A) Antibodies raised for recombinant medaka Plau1 were characterized. Recombinant medaka Plau1, which was used as antigen for immunizing rabbits or mice, was analyzed by CBB staining (CBB), and Western blot analysis (WB) was used for antimedaka Plau1 antibodies (left panel). Western blot analysis was conducted using extracts of ovaries isolated from spawning female fish at 5 h before ovulation (right panel). As negative control, the antibody preincubated with the antigen was used (WB [abs]). Positions of various molecular masses are indicated. A representative result of three independent experiments is shown. B) Recombinant Plau1 protein fused with 1.5-kDa polypeptide containing tag sequence was expressed in HEK293T cells, and the resulting culture medium was collected, concentrated, and subjected to Western blot analysis. Samples that had been treated with (þ) or without (À) recombinant medaka enteropeptidase were analyzed using purified rabbit anti-medaka Plau1 antibody. The culture medium of the cells transfected with MOCK vector was also used as control. C) Western blot analysis was performed with the extracts of preovulatory follicles isolated from spawning fish ovaries at the indicated time points (left panel). The follicles were collected at the indicated time points, and then the follicle layers (middle panel) and egg membrane fraction (right panel) were isolated. The extracts of these fractions were analyzed using Western blot analyses. Actb was used as a control. Positions of the single-chain inactive precursor (proPlau1) and the COOH-terminal protease domain (Plau1 Pr-domain) of proteolytically activated Plau1 are indicated. A representative result of four independent experiments is shown. D) Immunohistochemical analyses were performed in sections of the mature fish ovary isolated at 9 h before ovulation. Purified anti-medaka Plau1 antibody (upper two panels) or normal mouse IgG as control (lower two panels) was used. The areas indicated by boxes in the left panels are shown at higher magnification in the right panels. Large preovulatory follicles (#), medium-size follicles (þ), and small follicles (arrows) are shown. Note that the oocyte cytoplasm (arrows) of small growing follicles and the egg membrane Figure  1A . A representative result of three independent experiments is shown. B) Levels of pai1 mRNA expression in the follicles that were destined to ovulate within 48 h were examined using real-time RT-PCR. The complete RNA was isolated from follicles at the indicated time points and used for analysis. Relative pai1 mRNA expression levels were determined by setting the expression level 23 h prior to ovulation to an arbitrary value of 1. Values represent the mean 6 SEM of four determinations. C) In situ hybridization analysis was performed using frozen sections prepared from the ovary of spawning medaka at 19 h before the expected time of ovulation. Staining with the antisense probe (left and middle panel) and sense probe (right panel) for pai1 OGIWARA ET AL. Analysis of the extracts of ovaries isolated from spawning female fish at 5 h before ovulation was performed using the antibody (right panel). Antibody preincubated with the antigen was also used (WB [abs]). Positions of various Mr markers are indicated. A representative result of three independent experiments is shown. E) Recombinant Pai1 protein fused with a 1.5-kDa polypeptide containing tag sequence was expressed in HEK293T cells, and the resulting culture medium was collected and concentrated. Western blot analysis was performed with purified anti-medaka Pai1 antibody. The culture medium of the cells transfected with MOCK vector was used as control; rPai1 is indicated by a red arrow. F) Pai1 was analyzed using Western blot analysis with extracts of the egg membrane and follicle layers isolated from spawning fish ovary follicles at the indicated time points. Purified anti-medaka Pai1 antibody was used for protein detection. Actb was used as a control. A representative result of four independent experiments is shown. The native Pai1 is indicated by a red arrow. The signal intensities of the Pai1 bands were quantified densitometrically, and the ratio of expression of Pai1 to Actb was determined. The values were determined by setting the Pai1/Actb value 11 h before ovulation to 1. Values represent the mean 6 SEM of four determinations. **P , 0.01, *P , 0.05. G) Immunohistochemical analyses were performed on sections of spawning fish ovaries isolated at 7 h before ovulation. Purified anti-medaka Pai1 antibody (left two panels) or normal mouse IgG (right two panels) was used for antigen detection. The areas indicated by boxes in the upper panels are shown at higher magnification in the lower panels. Note that the oocyte cytoplasm (indicated by arrows) of small growing follicles is positively stained with Pai1 antibody. The areas corresponding to the egg membrane (EM), granulosa cells (GC), and theca cells (TC) of the large preovulatory follicle (#) are shown. A representative result of four independent experiments is shown. Bars ¼ 200 lm in the upper two panels and 20 lm in the lower two panels.
uPA/PAI-1 IN MEDAKA OVULATION late vitellogenic stage). The mRNA expression levels of pai1 were kept very low between À27 and À11 h (from the late vitellogenic to early postvitellogenic stage) but dramatically increased and peaked at 7 h prior to ovulation (Fig. 4B) . At the time of ovulation, pai1 mRNA became undetectable again. In situ hybridization analysis detected pai1 mRNA expression in the oocyte cytoplasm of small and medium-size growing follicles, while signals were found to be associated with the follicle layer of large follicles (Fig. 4C) .
By Western blot, mouse anti-medaka Pai1 antibody raised in this study recognized recombinant medaka Pai1 (rPai1), which was prepared in the E. coli expression system and used as antigen on immunization of the animal (Fig. 4D, left panel) . The antibody previously treated with rPai1 no longer detected the antigen. Western blot analysis gave a single band at a position of approximately 40 kDa with the fish ovary extract. The 40-kDa protein band became undetectable if the antibody pretreated with rPai1 was used (Fig. 4D, right panel) . The results indicate that our Pai1 antibody was specific. The rPai1 synthesized in and secreted from HEK293T cells was also recognized by the Pai1 antibody (Fig. 4E) . The protein size (approximately 37 kDa) was close to that of rPai1 generated in the E. coli expression system.
Western blot analysis was further performed using fractions of oocyte egg membranes and the follicle layers isolated from large follicles between 11 and 3 h before the expected ovulation time. In the follicle layer, the level of Pai1 protein decreased at approximately 7 h before ovulation and then increased again as the ovulation time approached (Fig. 4F) . Furthermore, Pai1 protein was not detectable in the egg membrane fractions at all time points examined. Immunological analysis using the specific Pai1 antibody on ovary sections demonstrated that Pai1 was present in the oocyte cytoplasm of small growing follicles (Fig. 4G) . Pai1 protein was also detected in the follicle layer of large preovulatory follicles. The egg membrane of the large follicles was negative, which was consistent with the result of Western blot analysis previously described. As revealed by an enlarged view of the follicle layer, granulosa cells but not theca cells were strongly stained (Fig.  4G, lower panel) .
These results indicate that the Pai1 level in preovulatory follicles was very low at approximately 7 h prior to ovulation, at which time active plasmin could be detected at the highest level in the 24-h spawning cycle of fish.
In Vitro Plasminogen Activation by Plau1 and the Inhibitory Effect of Pai1 on Plau1-Catalyzed Plasminogen Activation
Plasminogen activation by Plau1 was examined by Western blot analysis. Incubation of medaka recombinant plasminogen with active medaka recombinant P1au1 resulted in the production of a 31-kDa polypeptide that corresponded to the light chain of active plasmin [14] , with a concomitant decrease in the 97-kDa precursor plasminogen (Fig. 5A, upper panel) . In this analysis, the antibody used was raised against the recombinant catalytic domain of medaka plasmin, and therefore it did not detect the plasmin N-terminal heavy chain, which is expected to appear at a position of Mr 66 kDa [14] . Using the samples incubated with recombinant P1au1, enzyme activities were assayed with the synthetic plasmin substrate 
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Boc-Glu-Lys-Lys-MCA. An increase in activity was observed with an increase in incubation time (Fig. 5A, lower panel) . The in vitro conversion of plasminogen to plasmin by Plau1 was inhibited by the addition of medaka recombinant Pai1 (Fig. 5B,  upper panel) . Activity for the plasmin substrate was reduced in the sample incubated with Plau1 in the presence of recombinant Pai1 (Fig. 5B, lower panel) .
These results indicate that medaka Plau1 and Pai1 are a functional activator and a functional inhibitor of medaka plasminogen and Plau1, respectively.
Assessment of the Roles of Plau1 and Pai1 in Follicle Rupture Using an In Vitro Ovulation System
Preovulatory follicles were isolated from ovaries of spawning medaka 12 or 3 h before ovulation and incubated in the absence or presence of Pai1 or anti-medaka Plau1 antibody (Fig. 6A) . The follicles incubated with anti-Plau1 antibody showed a significantly reduced ovulation rate only when the follicles were isolated at 12 h before ovulation (Fig.  6B) . The effect of recombinant Pai1 on follicle ovulation was also examined. Pai1 inhibited follicle ovulation by approximately 60% for follicles isolated at 12 h (Fig. 6C) . However, no inhibitory effect of Pai1 was observed with follicles isolated at 3 h before ovulation. These results indicated that Plau1 and Pai1 were involved in follicle rupture during ovulation in medaka and that the timing of their involvement in the rupture was between À12 and À3 h before ovulation.
Identification of Laminin as a Plasmin Substrate During Ovulation in Medaka
Having established that the PA/plasmin system was involved in the ovulation of fish, we aimed to identify the target substrate(s) of active plasmin. Because ECM degradation is an indispensable step for follicle rupture during ovulation, we examined changes in the protein levels of laminin, fibronectin, and collagen type IV in the follicle layers of the follicles predicted to ovulate. For this purpose, we raised antibodies for laminin gamma 1 (Lamc1), fibronectin 1 (Fn1), and collagen type IV a-chain (Col4a) [19] by immunizing animals using recombinant proteins as antigens (Fig. 7A) . SDS-PAGE analysis of the antigens indicated that their purity was reasonable; essentially, a single major band was found at
In vivo hydrolysis of laminin by plasmin in the preovulatory follicle that is destined to ovulate. A) Antibodies raised for recombinant medaka laminin (rLamc1), fibronectin (rFn1), and collagen type IV (rCol4a) were characterized. Recombinant proteins used as antigens were analyzed by CBB staining (CBB) or Western blot analysis (WB) using respective antibodies. Western blot analyses of the extracts of ovaries isolated from spawning female fish at 5 h before ovulation were conducted using the antibodies. Antibodies preincubated with the respective antigens were also used (WB [abs]). Positions of various molecular masses are indicated. B) Lamc1, Fn1, and Col4a in the follicle layer of preovulatory follicles were analyzed by Western blot analysis. Extracts of the follicle layers of preovulatory follicles collected at the various time points indicated were subjected to Western blot analysis using purified anti-Lamc1, anti-Fn1, anti-Col4a, or anti-Actb antibodies. A representative result of three independent experiments is shown. In the analysis of Fn1, a 75-kDa band was reproducibly detected with the anti-medaka Fn1 antibody, suggesting that it is an Fn1-related protein, though its nature is not known at present. Specific protein bands recognized by the antibodies are indicated by red arrows. C) Preovulatory follicles were isolated from spawning fish ovaries at 12 h before ovulation and incubated either with or without 20 lM plasmin inhibitor for 15 h. After incubation, the follicle layers were collected, the extracts were prepared, and Western blot analyses were performed using purified anti-Lamc1, anti-FN1, or anti-Col4a antibodies. A representative result of five independent experiments is shown in the upper panel. Specific protein bands recognized by the antibodies are indicated by red arrows. Signal intensity values normalized to Actb are shown in the lower panel. For Fn1, all three bands recognized by the antibody were assumed to be Fn1 protein, and the sum total intensities were used for calculation. Values represent the mean 6 SEM (n ¼ 5). *P , 0.05.
uPA/PAI-1 IN MEDAKA OVULATION positions expected from the sizes of the recombinant proteins by CBB staining. The antibodies detected their respective recombinant proteins. Pretreatment of the antibodies with their antigens resulted in a loss of the cross-reactivity. The antibodies also detected proteins when the ovary extracts were used. The immunoreactive materials became undetectable after treatment of the antibodies with their antigens. These results indicate that the antibodies were specific.
Laminin was detected at a constant level in the follicle layer between 11 and 7 h before ovulation, but its level decreased thereafter (Fig. 7B) . In addition, no changes were observed in the fibronectin and collagen type IV protein levels of the same follicle layer. To determine whether plasmin was involved in the degradation of follicle layer laminin, large follicles were incubated in vitro with or without plasmin inhibitor. The follicles failed to ovulate in the presence of the inhibitor, which confirmed our previous results [14] . The follicle layers of plasmin inhibitor-treated follicles were found to be more abundant in laminin compared to those of untreated follicles (Fig. 7C, left panel) , suggesting the in vivo involvement of plasmin in laminin degradation. No difference was observed in the protein levels of fibronectin or collagen type IV in the layers, independent of whether they were incubated with or without the inhibitor (Fig. 7B , middle and right panels). Morphological analyses revealed that laminin mRNA was detected in the oocytes of small and medium-size follicles as well as in the follicle layers of large preovulatory follicles (Fig.  8A) . Transcripts of laminin were also found in the postovulatory tissue that had just released its oocyte. The same tissue distribution pattern was obtained using immunohistochemical analyses with the anti-medaka laminin antibody; signals for laminin were present not only in the cytoplasm of small and medium-size growing follicles but also in the follicle layers of large follicles (Fig. 8B) . In postovulatory tissue, both granulosa cells and theca cells exhibited positive signals using laminin antibody. This pattern was different from that of collagen type IV [19] , a basement membrane marker synthesized by theca cells of large follicles in the medaka ovary. Taken together, these results indicate that laminin was present in the follicle layers of large preovulatory follicles and that it may be a physiological substrate for plasmin in the follicles that were destined to ovulate.
LH-Induced Expression of pai1 mRNA and Protein in Follicles That Are Destined to Ovulate
The effect of LH on the expression of plau1 and pai1 was investigated using the in vitro follicle culture system that was recently developed in our laboratory [15] . The preovulatory follicles that had not been exposed to Lh in vivo were isolated and incubated with recombinant medaka Lh. The levels of plau1 mRNA in the follicle did not change with gonadotropin treatment (Fig. 9A) . In contrast, the expression of pai1 mRNA was dramatically induced by medaka Lh at 15-27 h after the start of gonadotropin treatment (Fig. 9B) . Using Western blot analyses, we confirmed that Pai1 protein was also detected in extracts of rLh-treated follicles (Fig. 9C) .
Lh-induced pai1 expression was strongly inhibited by the treatment of the follicles with MDL, an inhibitor of adenylyl cyclase (Fig. 9D) . Follicular pai1 mRNA expression induced by Lh treatment was also suppressed with TLS, an inhibitor of 3b-hydroxysteroid dehydrogenase [26] , which catalyzes the conversion of pregnenolone, 17-hydroxy-pregnenolone, and dehydroepiandrosterone to progesterone, 17-hydroxy-progesterone, and androstendione, respectively. However, the inclusion of DHP together with TLS in the follicle culture restored pail mRNA expression to a considerable extent. Furthermore, Lh-induced pai1 expression was substantially inhibited with RU486, a well-known progesterone antagonist [27] [28] [29] . Treatment of the follicles with DHP alone had no effect on pai1 mRNA induction, indicating the primary importance of the Lh surge for the gene expression. These results indicate that pai1 expression in the preovulatory follicle was induced by Lh and that the nuclear progestin receptor (Pgr), together with DHP, may be involved in the Lh-induced expression of pai1 mRNA.
DISCUSSION
In the present study, we identified Plau1 as an enzyme that proteolytically converts the precursor protease plasminogen to active plasmin in vitro as well as in the preovulatory follicle of the medaka ovary. In addition, this study showed an important role of Pai1 in plasminogen activation via the control of Plau1 activity in the follicle.
The medaka genome contains two uPA genes, plau1 and plau2. A recent study by Bager et al. [25] reported that there are two distinct uPA genes in the teleost zebrafish: zfuPA-a and zfuPA-b. Our phylogenic analysis revealed that medaka Plau1 and Plau2 correspond to zfuPA-b and zfuPA-a, respectively. Interestingly, zfuPA-a but not zfuPA-b lacks the amino acid sequence corresponding to the urokinase-type plasminogen activator receptor (uPAR)-binding epidermal growth factor-like domain [25] . Similarly, medaka Plau1 but not Plau2 contained the putative receptor-binding domain. This finding indicated that, as in the case of the mammalian system [30] , the fish Plau1 protein may bind to uPAR if the receptor protein is present.
Interestingly, an Mr for medaka pro-Plau1 expressed in the ovary was estimated to be approximately 65 kDa by Western blot analysis. This value was much greater than the molecular weight value of 48 405 theoretically calculable from the number of residues (431 amino acids) of the precursor protein.
Alternately, pro-Plau1 synthesized in and secreted from HEK293T cells migrated to a position corresponding to 55 kDa in SDS-PGE/Western blot analysis. A possible explanation for this discrepancy is that pro-Plau1 expression levels in ovary extracts might be so low that the 55-kDa band could not be detected by Western blot analysis and that the 65-kDa protein visualized in our analysis might be a protein other than medaka pro-Plau1. However, we found that the 65-kDa protein in the ovary extracts was recognized by antibodies that had been reacted with and detached from the antigen (i.e., the 21-kDa medaka recombinant Plau1 protein). Therefore, we tentatively concluded that the 65-kDa protein detected in the fish ovary extract is pro-Plau1. Further studies are required to support the validity of our conclusion. At present, it is unclear why the size of native pro-Plua1 expressed in fish ovaries is approximately 10 kDa larger than expected. A possible explanation for this larger mass could be the presence of an additional amino acid sequence (with an Mr of 10 kDa) in medaka ovary pro-Plau1 that is not present in pro-Plau1 proteins from other species. Indeed, another possible translation start site (ATG) is present in the medaka genome [17] upstream of the translation start site (ATG), which is well conserved in Plau1 genes from many vertebrate species. In silico analysis of the gene revealed that the nucleotide sequence between the two translation start sites contains five putative exons. If the processes of RNA splicing and translation are suitably conducted, an amino acid sequence approximately 10 kDa in mass could be added to the N-terminus of medaka proPlau. The speculation remains to be verified, however.
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Both transcripts and translated product for plau1 were detected in the oocyte cytoplasm in small growing follicles. However, plau1 mRNA and the protein were associated with follicle cells and the oocyte egg membrane, respectively, in large preovulatory follicles. These observations suggest that cells responsible for synthesizing plau1 mRNA changed from oocyte to follicle cells as the follicles grew. When the follicles grew to a diameter !800 lm, the follicle cells acquired the ability to synthesize plau1 mRNA. These observations also indicate that the translated product Plau1 remains inside the oocyte, potentially in the secretory vesicles of the oocyte cytoplasm in the small follicle. Thus, one question arises: where does Plau1 associated with the egg membrane of large preovulatory follicles come from? Considering that neither Western blot analysis nor immunohistochemical analysis detected the Plau1 protein in the follicle cell layers of Immunohistochemical analyses were performed in the sections of spawning fish ovaries isolated at 9 h before ovulation. Laminin and collagen type IV were stained using purified rat anti-medaka Lamc1 and mouse anti-medaka Col4a antibodies. Normal rat or mouse IgG was used as control. The area indicated by a box in Lamc1 staining (upper left) is shown at higher magnification in the lower panel. Note that the oocyte cytoplasm (red arrows) of small growing follicles and the follicle layers (blue arrowheads) of medium-size (þ) and large preovulatory follicles (#) are positively stained with the Lamc1 antibody. In postovulatory tissue, the areas corresponding to granulosa cells (indicated by *) and theca cells (indicated by a star) are shown. A representative result of three independent experiments is shown. Bars ¼ 200 lm.
uPA/PAI-1 IN MEDAKA OVULATION preovulatory follicles, Plau1 synthesized in the follicle cells of the follicle would be inconsistent. Thus, we assume that Plau1 detected in the oocyte egg membrane in the preovulatory follicle may be of oocyte origin. The remaining unsecreted Plau in the intracellular vesicles of the oocyte cytoplasm would be exocytosed to localize to the egg membrane after the follicles reached a size of !800 lm in diameter. We previously reported on the egg membrane localization of plasminogen, the substrate for Plau1, in the preovulatory follicle [14] . The fact that plasminogen and Plau1 are colocalized in the same site in the follicles is consistent with the idea that activation of plasminogen occurs on the egg membrane.
As established by previous studies using mammalian species [30] , the unique feature of Pro-uPA/uPA is its high affinity binding to the specific glycolipid-anchored cell surface receptor uPAR. This binding is mediated by the epidermal growth factor-like domain of Pro-uPA/uPA [30] . The corresponding domain is conserved in medaka Pro-Plau1/Plau1, suggesting that uPAR may also have a role in regulating the function of Plau1 in the medaka. Because Plau1 is a secretory protein and functions in the extracellular environment, egg membrane localization of ProPlau1/Plau1 in the fish preovulatory follicle may result from its binding to uPAR in the membrane. It is well known that, in vertebrates, both microvilli from the oocyte and larger processes from the follicle cells are embedded in the substance of the egg membrane [31] [32] [33] [34] [35] [36] . Thus, we speculate that the uniform distribution of pro-Plau1/ Plau1 in the egg membranes of the follicles may be a reflection FIG. 9 . In vitro induction of pai1 mRNA expression in the preovulatory follicle by medaka rLh. A) Preovulatory follicles were isolated from spawning medaka ovaries at 22 h before ovulation and incubated with mock conditioned medium (ÀLh) or medaka rLh (þLh). Follicles were collected every 3 h to extract total RNA. Real-time RT-PCR was performed for transcripts of plau1. The expression levels were normalized to that of actb and expressed as the fold change compared to the levels of À22-h follicles. Values represent the mean 6 SEM of four determinations. B) Real-time RT-PCR was performed for pai1 transcripts. Isolation of preovulatory follicles, incubation with the Lh, and normalization of the data were performed as in A. Values represent the mean 6 SEM of six determinations. C) Preovulatory follicles were isolated 22 h before ovulation and cultured in medium containing medaka rLh (100 lg/ ml). The follicle layers were collected at the indicated times and used to prepare the follicle layer extracts. The extracts were analyzed using Western blot analyses using a specific Pai1 antibody. The proteins were loaded at 20 lg/lane. Actb was detected as a control. A representative result of three independent experiments is shown. D) Preovulatory follicles isolated from spawning medaka ovaries at 22 h before ovulation were incubated with rLh alone or in combination with the indicated compounds. At 18 h of incubation, the follicles were collected to extract total RNA for real-time RT-PCR analysis of pai1 mRNA expression. After normalization of the expression levels with actb, the fold change compared to the levels of the 0-h follicles incubated without rLh was determined. Values represent the mean 6 SEM of five separate experiments. *P , 0.05.
of the presence of the protein complexed with uPAR anchored to the oocyte microvilli and/or granulosa cell processes. In this context, we observed that uPAR mRNA was detected in the preovulatory follicles of the fish ovary (K. Ogiwara, unpublished results). However, the validity of the above hypothesis requires further studies, including the demonstration of microvilli-or membranous process-associated localization of uPAR in the egg membrane.
Because Plau1 is also generated in the oocyte of small-and medium-size follicles, Plau1 should have a role in some unknown biological processes other than follicle rupture during ovulation in medaka. Furthermore, plau1 and Plau1 were expressed in the postovulatory follicle, which had released its oocyte. In general, the oocyte-lacking follicular tissue that was left in the ovary is known to disappear before the next event of ovulation in the 24-h spawning cycle of the fish. Such a rapid disappearance of the tissue may indicate a potential role of Plau1 in the degradation process of the postovulatory follicle.
On the basis of our present and previous studies [14] , we showed that 1) the inactive precursor pro-Plau1 may be produced in and secreted by the oocyte and that the activated protease Plau1 is localized to the egg membrane; 2) plasminogen, which is of nonovarian origin, was present in the egg membrane of the follicle; 3) the activated protease plasmin was detected in the follicle layer for only a few hours of the 24-h spawning cycle, between 7 and 3 h prior to ovulation; 4) granulosa cells of the large follicle produced Pai1, but the levels of the inhibitor were considerably reduced approximately 7 h before the ovulation time; 5) plasmin hydrolyzed laminin, one of the major components of the basement membrane in the follicle, in vitro and in vivo; and 6) the involvement of Plau1, plasmin, and Pai1 in follicle rupture during ovulation was established using an in vitro ovulation assay with specific antibodies and/or relevant inhibitors. On the basis of these data, we developed a model to explain how the Plau1/plasmin system is involved in follicle rupture (Fig. 10) . In the large follicle, plau1 transcripts synthesized by the oocyte underwent translation to produce pro-Plau1. It was then secreted, localized on the egg membrane, and cleaved into two chains to form the active mature Plau1 by an unknown protease(s). Because Pai1 supplied by granulosa cells was present extracellularly in relatively large quantities, the inhibitor could bind to Plau1 to form the Plau1/Pai1 complex (Fig. 10A) . Inhibition of Plau1 by Pai1 would last as long as the follicular levels of Pai1 were maintained at a high level, as in the maturation stage (24-7 h before ovulation) of the postvitellogenic phase [19] . When a follicle reaches the ovulatory stage (7 h before ovulation), the Pai1 levels in the follicle become significantly lower, in turn resulting in an increase of active Plau1 due to the shortage of Pai1 (Fig. 10B) . At 7-5 h before the expected time of ovulation, active Plau1 was capable of activating plasminogen, which may be derived from the liver via the circulatory system. Because both plasminogen and activated Plau1 were found in the egg membrane and the active protease plasmin was present in the follicle layer, plasminogen activation by Plau1 likely occurs on uPA/PAI-1 IN MEDAKA OVULATION the egg membrane, and the resulting plasmin readily dissociates from the membrane to move to the follicle layer. Once there, plasmin could bind to laminin, which is a primary component of the follicle basement membrane. Collagen type IV is a second essential component of the basement membrane and is resistant to medaka plasmin. Thus, collagen type IV is most likely untouched by plasmin (Fig. 10, D and E) . Hydrolysis of laminin by plasmin may proceed for several hours. In the granulosa cells of the large follicle, synthesis of Pai1 resumes approximately 5 h before the expected time of ovulation, thereby promoting the inactivation of Plau1 and halting the further conversion of plasminogen to plasmin. Soon after the Plau1/plasmin system is inactivated, an additional proteolytic system involving three Mmps (gelatinase A, MT1-MMP, and MT2-MMP) is activated to complete the rupture of the ovulating follicle (Fig. 10C) . The present study indicates that laminin is synthesized in both granulosa and theca cells to construct and/or maintain the basement membranes of ovarian follicles in the fish ovary, providing further support for the above model.
However, it is clear that, in medaka ovulation, activation of the Plau1/plasmin system precedes activation of Mmpmediated hydrolysis of ECM in the apex of ovulating follicles. The former should disrupt the basement membrane in the follicle layer of the ovulating follicle via the partial hydrolysis of laminin. Such a removal of laminin from the basement membrane facilitates the proteolytic degradation of collagen type IV. Our previous study indicated that Mmp2 may be responsible for degrading collagen type IV, which remains in the basement membrane [13] . We recently proposed a sequential two-step ECM hydrolysis model for follicle rupture in medaka ovulation: the Plau1/plasmin system is activated early on during the ovulatory stage, and the Mmp system is subsequently activated [14] . Our present data are consistent with the above hypothesis.
In the present study, we found that fibronectin was not degraded by plasmin in the preovulatory follicles. This finding is not consistent with our previous observation that plasmin substantially degraded fibronectin [14] . Our previous result was obtained from experiments where active plasmin and fibronectin were incubated in vitro. Under those conditions, the enzyme would freely interact with the substrate. However, in follicles, a factor(s) inhibiting the interaction between them, including constraints in mobility due to the localization of fibronectin firmly bound to cells and/or extracellular matrix substances in the tissue, may have caused reduced enzyme activity.
Enzyme activities were detected using a known plasminogen activator substrate, L-Pyr-Gly-Arg-MCA, with the extracts of the egg membrane. This finding supports the idea that active Plau1 is associated with the egg membrane. Our current data suggest the presence of two forms of activated Plau1 in the egg membrane as was detected by Western blot analysis of the two distinct polypeptides (28 and 30 kDa), both of which are presumed to correspond to the serine protease domain of Plau1. One may ask whether both forms of Plau1 would be active. At present, we have no data to answer this question.
Plau1 was constitutively found in the egg membrane of the preovulatory follicle. This finding suggests that activation of pro-Plau1 by a yet-unidentified protease may occur soon after pro-Plau1 reaches the egg membrane in vivo. The resulting activated Plau1 would be capable of readily activating plasminogen, which is also associated with the membrane. Our current data suggest that Pai1 is involved in the proteolytic cascade; the follicular levels of plasmin are indirectly regulated by Pai1. This regulatory mechanism enables plasmin to hydrolyze laminin in the basement membrane of the follicle for only a few hours. Interestingly, pai1 mRNA expression in the follicle became low when the follicle entered into the postvitellogenic stage and resumed when it entered into the ovulation stage. This resumption of pai1 expression in the follicle was initiated by an Lh surge. At present, it is unclear if pai1 expression in the vitellogenic follicles and postvitellogenic follicles could be regulated using a similar mechanism.
The timing of laminin hydrolysis by plasmin in follicle rupture during medaka ovulation appears to be controlled primarily by Pai1, and thus future detailed analysis on the mechanism of pai1 mRNA expression is worthwhile to perform. However, our current data suggest that the induction of pai1 transcription by Lh is mediated by the transcription factor Pgr. It is well established that, in mammals, PGR could function as a transcription factor in a ligand-dependent manner for some genes and a ligand-independent manner for other genes [37] [38] [39] . We found an inhibitory effect of TLS (3b-hydroxysteroid dehydrogenase inhibitor) and RU486 (PGR/Pgr antagonist) on the expression of pai1 mRNA in the preovulatory follicle of fish. In contrast, DHP had a restoring effect for TLS-suppressed pail expression. These observations strongly suggest that the Pgr effect may be DHP dependent. Tentatively, we presume that an induction of Pgr by Lh and the subsequent activation of Pgr by binding with DHP may be important for pai1 mRNA expression in the follicle. We recently reported the important role of Pgr in the Lh-induced expression of prostaglandin E 2 receptor subtype EP4b (ptger4b) mRNA in the granulosa cells of follicles that are destined to ovulate [40] . In this process, the involvement of ligand-Pgr has also been suggested. Importantly, RU486 is also an antiglucocorticoid and an antiandrogen in mammals [41] [42] [43] . The current results do not favor the idea that the glucocorticoid receptor or androgen receptor may be involved in the expression of pai1 mRNA in the preovulatory follicle of medaka fish.
In summary, we extended our previous finding that plasmin plays an indispensable role in medaka ovulation by identifying Plau1 as a functional plasminogen activator and laminin as an in vivo plasmin substrate. This study also demonstrated that intrafollicular levels of Pai1 are closely associated with activation/inactivation of the medaka uPA-1/plasmin system in follicles that are destined to ovulate. The involvement of Pgr in Lh-induced expression of pai1/Pai1 was also suggested. The present study further strengthened our hypothesis of a two-step ECM hydrolysis mechanism, which was previously proposed for follicle rupture during medaka ovulation.
